Abstract. According to the mathematical models of voltage-type PWM rectifiers under the synchronous rotating coordinate system, the power mathematical models are established based on voltage orientation. By analyzing the characteristics of the direct power control system, the double-closed loop structure with power voltage-square outer loop and power internal loop is derived in the paper. To solve the accuracy of coordinate change, the design of a single-phase voltage signal phase-locked loop is designed to obtain the accurate voltage phase. The theory is validated by MATLAB simulation experiment. The results show that the designed control system has good dynamic and static performance and can satisfy the requirements of voltage-type rectifiers.
Introduction
PWM rectifier has the advantages of low net side current harmonic, unit power factor, bidirectional energy flow and DC voltage controlled, which can realize "green transformation" of the electricity and can solve the "eliminating harmonics and reactive power" problem fundamentally [1] [2] [3] . It has a broad application prospect in high power uninterruptible power supply, four quadrants AC inverter, the replacement of the traditional power system, reactive power compensation, solar power, AC/DC transmission system, and other fields. PWM rectifiers have indirect current control and direct current control strategy. Indirect current control strategy is simple, but the dynamic response is slow, and there are large DC and AC harmonic, which is sensitive to system parameters [4, 5] . Direct current control strategy can obtain good dynamic characteristic. Instantaneous power is applied to PWM rectifier closed-loop control system makes voltage-type PWM rectifier has the advantages of higher power factor, low current harmonic distortion rate, simple control algorithm and control system etc [6] .
In this paper, on the basis of detailed analysis of mathematical model, the direct power control system is designed, and then, the dynamic and static characteristics and the ability to resist disturbance of control system is validated by using MATLAB simulation experiment.
Mathematical Models of Voltage-type PWM Rectifiers

Mathematical Models of Voltage-type PWM Rectifiers Based on The Synchronous Rotating Coordinate System
The structure of three-phase voltage-type PWM rectifier is shown in figure 1 . The main circuit includes power supply, inductor, DC side capacitor and rectifier-bridge. We take A phase for example, the other two phases is same as it. Each bridge arm consists of four switch tubes . AC side KVL equation in d-q coordinate system is shown as follows: 
Design of Control System of Voltage-type PWM Rectifiers
Dual-closed Design of Power Loop and Voltage Loop
Dual-closed control system is composed of dc voltage-square outer loop and power inner loop. From the formula (2), d-axis and q-axis exists coupling in the power models. The method of the feed forward is adopted to eliminate coupling power. PWM module is replaced by small inertial link, power inner loop is PI regulator, the open-loop transfer function is follow that
(4) Voltage-square outer loop is PI regulator too, the transfer function is follow that
Formula (5) and (7) is tuned with the second order and third order optimal setting, respectively. PI parameter values of power inner loop and voltage outer loop are derived.
Design of Phase-locked Loop (PLL)
Phase information play a crucial role in PWM rectifiers control system. Grid voltage phase is obtained by single phase voltage signal PLL in this paper. The PLL is divided into amplitude detection and phase detection and the structure of the phase-locked loop is shown in figure 2 . Phase detection link is only one input signal 
Simulation of Control System
The parameters used in simulation are shown as grid side rated line voltage is 380 V, rated power is 3 kW, inductance is 11.7 mH, DC-bus capacitance is 4400 uF, DC-bus voltage is 600 V, rated load is120 ohm, sampling frequency is 10 kHz and control frequency is 2 kHz. We simulate the system by the Matlab/Simulink. The schematic diagram is as followed. Fig.5 shows the DC bus voltage waveform. The rectifier starts at 1st second with the slope given value. The DC bus voltage achieves stability after 0.2 seconds, the overshoot is about 12v. The load is added from no-load to full load suddenly at 2nd second. From Fig.5 , we can see that the DC bus voltage is reduced about 60V under the condition of sudden increase load. But, we can also see that the DC bus voltage will recovery to given value within 0.3s, which proves that the rectifier has a good dynamic performance to full load. Fig.6 shows the steady state waveform of current and harmonic distortion rate after full load. From fig.6 , we can see the waveform is better, harmonic distortion rate is about THD = 5.53%.
A phase voltage and current waveforms of grid side are shown in Fig.7 and Fig.8 when the rectifier works in rectification and energy feedback, respectively. As seen in fig.7 , the direct power control strategy can realize unit power factor rectifier, and have a better follow speed. It is shown in fig. 8 , the rectifier load feedback energy to the network side at 3rd second. After a short adjustment, the phase difference of voltage and current becomes 180 º from the same phase. From the simulation, we can see the rectifier can realize two-way flow of energy.
The waveforms of instantaneous active power and instantaneous reactive power are shown in Fig.9 . It can be seen that the actual values can reach on given values and without ups and downs of amplitudes. Fig.10 is the amplitude and phase waveform of grid side voltage signals. It can be seen whether the input signal mutations or not, it can obtain good phase signals. All this embodies the phase-locked loop has a good tracking performance. 
Summary
We design the direct power control system voltage-type PWM rectifier based on voltage orientation. Engineering design methods is used to tune the parameters of the square outer loop and power inter loop. A single-phase voltage signal phase-locked loop is designed to access grid voltage phase accurately to solve the angle accuracy in coordinate transformation of the control system. The simulation results show the control system has a good dynamic and static performance and the harmonic distortion rate is small. It can realize unit power factor rectifier and two-way flow of energy. 
